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Abstract
In the ornamental plant production region of Girona (Spain), which is one of the largest of its kind in southern
Europe, most of the surface is irrigated using wide blocked-end furrows. The objectives of this paper were: (1) to
evaluate the irrigation scheduling methods used by ornamental plant producers; (2) to analyse different scenarios in
order to assess how they affect irrigation performance; (3) to evaluate the risk of deep percolation; and (4) to calculate
gross water productivity. A two-year study in a representative commercial field, planted with Prunus cerasifera ‘Nigra’,
was carried out. The irrigation dose applied by the farmers was slightly smaller than the required water dose estimated
by the use of two different methods: the first based on soil water content, and the second based on evapotranspiration.
Distribution uniformity and application eff iciency were high, with mean values above 87%. Soil water content
measurements revealed that even at the end of the furrow, where the infiltrated water depth was greatest, more than
90% of the infiltrated water was retained in the shallowest 40 cm of the soil; accordingly, the risk of water loss due to
deep percolation was minimal. Gross water productivity for ornamental tree production was € 11.70 m–3, approximately
20 times higher than that obtained with maize in the same region.
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Resumen
Características del riego y productividad bruta del agua en el riego por surcos aplicado a la producción 
de planta ornamental
En la zona de producción de planta ornamental de Girona (España), que es una de las mayores del sur de Europa,
la mayor parte de la superficie es regada por surcos. Los objetivos del presente artículo son: (1) evaluar la programa-
ción de riegos que realizan los productores de planta ornamental; (2) analizar diferentes escenarios para ver como
afectan la calidad del riego; (3) evaluar el riesgo de percolación profunda; (4) calcular la productividad bruta del agua.
Se realizó un estudio de dos años en un campo comercial de Prunus cerasifera ‘Nigra’. La dosis de agua aplicada por
los agricultores fue ligeramente inferior a la dosis de riego requerida estimada por dos métodos distintos: el primero
basado en el contenido de agua en el suelo y el segundo en la evapotranspiración. La uniformidad de distribución y
eficiencia de aplicación fueron altos, con valores medios por encima del 87%. Las medidas de contenido de agua en
el suelo revelaron que al final del surco, donde la lámina de agua infiltrada fue mayor, más del 90% del agua infil-
trada se retuvo en los primeros 40 cm del suelo; en consecuencia, el riesgo de pérdidas de aguas debido a la percola-
ción profunda fue mínimo. La productividad bruta del agua en la producción de árboles ornamentales fue de 11,70 €
m–3, aproximadamente 20 veces mayor que la obtenida en maíz en la misma región.
Palabras clave adicionales: eficiencia de riego; productividad bruta del agua; surco bloqueado; uniformidad de
riego; vivero de planta ornamental.
* Corresponding author: gerard.arbat@udg.edu
Received: 22-07-10; Accepted: 12-04-11.
Abbreviations used: AE (application efficiency), CR (cut-off ratio), DPR (deep percolation ratio), DU (low quarter distribution uni-
formity), ET0 (accumulated potential evapotranspiration), FDR (frequency domain reflectometer), GLM (general linear models
procedure), GWP (gross water productivity expressed in monetary units), IRR (irrigation event), IWD (infiltrated water depth),
TDR (time domain reflectometry).
Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria (INIA) Spanish Journal of Agricultural Research 2011 9(2), 627-640
Available online at www.inia.es/sjar ISSN: 1695-971-X
eISSN: 2171-9292
Introduction
The ornamental plant production sector in Girona
province (north-eastern Spain) is of great economic
importance. Covering an area of 1,200 ha, it is one of
the most important production regions in southern
Europe (Pagès, 2008). Furrow irrigation is widely used
in ornamental tree plantations in the lower reaches of
the Ter River (Girona province), and has special cha-
racteristics with respect to the furrow irrigation method
traditionally used for other crops. For instance, in the
production of ornamental species the soil is plowed to
form very wide furrows, which facilitate the optimum
development of the trees, and allow the movement of
the machinery needed to cultivate them and exploit the
full area of the f ield. Another specif ic feature of
ornamental fields is the characteristic shortness of the
furrows, which rarely exceed 100 m in length, allowing
the farmer to control different fields at the same time.
Maintaining this type of surface irrigation system
under conditions of water scarcity is controversial,
given that regional water management plans promote
the use of microirrigation, which is generally conside-
red to be more efficient in its use of water. However,
with favourable soil conditions and adequate irrigation
practices, furrow irrigation can be just as efficient as
microirrigation systems (Hanson et al., 1995).
In view of the lack of available technical data on this
type of furrow irrigation used for ornamental tree pro-
duction and the growing concern about the use of water
resources of the Ter River basin and also in other areas,
a detailed study of the efficiency and the gross water
productivity of ornamental plant production was consi-
dered important, especially in view of its great econo-
mical importance to the region.
When evaluating the performance of a surface irri-
gation system, or on working towards improving its
design, it is common to use simulation codes based on
Saint-Venant equations. Zero-inertia or kinematic wave
solutions (simplifications of the full Saint-Venant hy-
drodynamic model) are frequently applied.
User friendly codes such as WinSRFR (Bautista et
al., 2009b; USDA, 2009) or SIRMOD (Walker, 2003)
are available, and have been used in numerous scienti-
fic papers. These hydraulic models can calculate the
infiltrated depth along the furrow from input variables
such as flow rate, irrigation time, slope of the furrow
and inf iltration function. Similar codes have been
widely used for different purposes: (i) to assess current
irrigation practices (Pereira et al., 2007); (ii) to establish
management recommendations in blocked-end furrows
(Cahoon et al., 1995); and (iii) to evaluate irrigation
performance under different scenarios (Playán et al.,
2000).
In most of these codes, infiltration is estimated using
empirical equations such as those of Kostiakov or
Kostiakov-Lewis, even though they do not take into
account different soil types or soil conditions (Mailhol
and Merot, 2008). Other approaches have been desig-
ned to incorporate soil effects into surface and subsur-
face models. Mailhol (2003) and Mailhol and Merot
(2008) considered soil water properties by coupling
Horton’s infiltration equation to the kinematic wave
solution. Some existing models coupled the Saint-Venant
equations for surface flow with the Richards equation
for subsurface flow (Tabuada et al., 1995; Saucedo et
al., 2005; Zerihun et al., 2005; Wöhling et al., 2006).
Recently, Weill et al. (2009) used a single Richards-
type equation to take into account surface and subsur-
face flow. Nevertheless, these sophisticated models are
still cumbersome to use and, what is more, when applied
they have not always provided a faithful representation
of the infiltration process (Bautista et al., 2009a).
Continuous measurements of soil water content in
different soil locations provide detailed knowledge of
the soil water distribution and evaluate the risk of water
loss due to deep percolation. Mailapalli et al. (2008),
using time domain reflectometry (TDR) in furrow irri-
gation, suggested that TDR measurements could be
used to estimate inf iltration and to manage furrow
irrigation systems in real time.
In blocked-end furrows it is often advisable to termi-
nate the inflow before the advancing water front reaches
the end of the furrow, in order to reduce deep percola-
tion loss at the end of the furrow and thus improve irri-
gation performance (Cahoon et al., 1995). A useful tool
for managing irrigation in blocked-end furrows is the
cut-off ratio (CR), defined as the ratio of the length of
the furrow covered by the advancing water front during
inflow to the total length of the furrow when the irri-
gation is cut off. Cahoon et al. (1995) drew up tables
showing the optimum CR value for different field slopes
and soil textures.
Wichelns (2002) highlights the usefulness of reallo-
cating water from lower- to higher-valued uses to im-
prove water productivity. In areas where water is scarce,
as it has been during drought periods in the Ter basin
(DOGC, 2007), a sensible strategy to improve water
productivity (€ m–3) is to cultivate crops with a high
return per unit of water (Allan, 1999; Playán and Mateos,
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2006). De Juan et al. (2003) pointed out that water pro-
ductivity can vary greatly for different crops. Orna-
mental trees, which are a high value product, are suppo-
sed to achieve a high return per unit of water, but there
is no technical information available to confirm this.
The specific objectives of this study were to: (i) eva-
luate irrigation scheduling methods and the perfor-
mance of the surface irrigation systems currently used
by ornamental plant producers; (ii ) establish different
scenarios incorporating different f ield lengths, flow
rates and cut-off criteria in order to assess how they
affect irrigation performance; (iii) assess the risk of
deep percolation in current irrigation practices, using
measurements of soil water content; (iv) calculate gross
water productivity for ornamental plant production
(Prunus cerasifera ‘Nigra’) using furrow irrigation,
and v) compare these values with those expected for
alternative crops in the same region.
Material and methods
Description of the field experiences
The f ield tests were carried out in a commercial
plantation of Prunus cerasifera ‘Nigra’ located in the
municipality of Celrà, in the province of Girona (north-
eastern Spain). The plantation had an area of approxi-
mately 0.5 ha (100 m long × 52 m wide). It was planted
in February 2003 with three- and four-year-old trees
with trunk circumferences of between 8 and 10 cm
measured at 1 m above the ground level. The trees were
planted 1 m apart in rows 1.6 m apart.
In accordance with the categories used in the soil
taxonomy system of the Soil Survey Staff (2006), the
soil was classified as Typic Xerofluvents with a loam-
type texture. In four monitored furrows, soil samples
at the inlet, at 33 m, at 66 m and at the end of the furrows
were taken in 20 cm increments to a depth of 1.60 m.
The soil samples confirmed a uniform loam soil profile
up to a depth of approximately 1.20 m, a sandy layer
was observed at that depth. The volumetric soil water
contents (± SD) at –33 and –1,500 kPa from samples
taken at 30, 60 and 90 cm depth were 0.341 (± 0.008)
and 0.110 (± 0.022) respectively, resulting in a very
high soil water holding capacity which reduced deep
percolation risks. Mean soil bulk density (± SD) from
0 to 90 cm depth was 1.44 (± 0.04) g cm–3.
Irrigation was carried out using furrows 100 m long
with a mean slope of 0.005 m m–1. The furrow width
at the base was 1 m, the distance between the furrow
ridges was 1.6 m, and the height of the ridge was 0.15 m,
as can be seen in Figure 1. To prevent surface run-off,
during irrigation the ends of the furrows were blocked
with a dike made of soil.
The irrigation criterion used by the farmer was based
on soil appearance (USDA, 1998) since this is the crite-
rion most commonly used by ornamental plant produ-
cers in the region.
During 2006, four out of nine irrigation events were
monitored, while in 2007 all seven irrigation events
were analysed. The flow rate at the furrow inlet; the
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Figure 1. Furrow geometry showing the position of the soil water sensor probes and
the position of the trees.
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start and finishing time of the irrigation event; the ad-
vance and recession time; and the surface water depth
at 1, 33, 66 and 99 m from the inlet at different times
were measured in four different furrows.
The flow rate was measured as the volume of water
collected with a bucket divided by the time. Its accu-
racy ranged from 2.5% to 5% depending on the amount
of water collected during the tests. The flow rate was
measured frequently to detect changes during the irri-
gation events.
Using frequency domain reflectometry (Enviro-
SCAN®), hourly measurements of soil water content
were taken at 1, 33, 66 and 99 m from the inlet of one
of the furrows. In 2006 measurements were taken in
the ridge at depths of 0, 20, 40 and 60 cm. In 2007,
these and further measurements were taken in the
middle of the furrow at depths of 40, 60, 80 and 100 cm,
as shown in Figure 1. The position of the sensors was
conditioned by the method of cultivation. That involved
working the soil with a stubble cultivator along the
furrow base before each irrigation event, and meant
that, in the middle of the furrow, sensors could not be
installed at a soil depth of less than 40 cm.
As it will be discussed further on (see section titled
«Results-Distribution of irrigation water in the soil»),
the soil water sensors located at 1, 33 and 66 m from
the furrow inlet at the position of the ridge showed little
sensitivity to most of the irrigation events. The same
happened for the sensors located deeper than 40 cm in
the centre of the furrow base. Therefore only the sensors
located at 1 m from the furrow extremity at 0, 20, 40
and 60 cm depth in the ridge and at 40 and 60 cm depth
in the centre of the furrow base consistently reflected
the soil water content changes due to the irrigation events.
The manufacturer of the frequency domain reflecto-
meter (FDR) provided a standard calibration equation
for loam soils that was used to calculate volumetric
soil water content from scaled frequency values. Soil
water content readings determined with the FDR showed
good agreement with those obtained using the gravi-
metric method: when a 1:1 line was fixed, a statistically
significant (p < 0.05) determination coefficient of 0.74
was observed.
Evaluation of the irrigation events
Every irrigation event was evaluated using measure-
ments taken in four different furrows and by applying
the WinSRFR 3.1 code (USDA, 2009). The case was si-
mulated as a blocked-end furrow with a zero-inertia
model. This would be equivalent to treating the case as
having a one-metre wide border that concentrates the re-
quired irrigation water dose (Dreq) from 1.60 m to 1.00 m.
The parameters needed to compute the irrigation
performance are given below.
Water depth applied to the field
The applied water depth (Dapp, L m–2) was computed
from:
, [1]
where Q is the mean flow rate in a furrow (L s–1), tco is
the cut-off time (min), L is the length of the furrow
(100 m) and W is the distance between two consecutive
furrows (1.60 m).
Required or target application depth based on soil
moisture
The required or target application depth (Dreq1, mm)
was calculated from:
, [2]
θ33 being the volumetric soil water content at –33 kPa
(cm3 cm–3); θ the mean volumetric soil water content
(cm3 cm–3), measured at 1, 33, 66 and 99 m from the
inlet, at a depth of 20 cm in the ridge; and d the effec-
tive depth of the root zone (mm).
The effective depth of the root zone was considered
to be 350 mm, in accordance with the major root den-
sity observed in soil pits excavated at the same plantation.
Required or target application depth based 
on evapotranspiration
The required or target application depth (Dreq2, mm)
was calculated from:
, [3]
where ET0 is the accumulated potential evapotrans-
piration from the previous irrigation (mm), Kc is the
crop coefficient and Pe is the accumulated effective
precipitation for the same period (mm), which was
considered to be 80% of the total precipitation (Dastane,
1974). The precipitation data were obtained from the
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meteorological station at Celrà, located a few metres
from the field. The values of ET0 came from the auto-
mated meteorological station of Cassà de la Selva,
since this station was able to supply all the data needed
to compute the ET0 using the Penman-Monteith method
(Allen et al., 1998).
A constant value of Kc equal to 1 was used for the irri-
gation period studied, because crop coefficient values
for ornamental plants in the area were not available.
The irrigation campaign for 2006 started on 15th April
and ended on 6th September (145 days); the Pe was 111
mm and the ET0 619 mm. In 2007 the campaign began
on 7th June and ended on 27th September (113 days),
with a Pe and ET0, respectively, of 117 mm and 440 mm.
Irrigation performance indexes
Irrigation performance can be quantified using para-
meters that measure water distribution uniformity and
irrigation efficiency. The low quarter distribution uni-
formity (DU), application efficiency (AE) and deep
percolation ratio (DPR) used in this paper are defined
and explained by Burt et al. (1997). These parameters,
def ined as follows, were calculated using a target
application depth of Dreq2.
Distribution uniformity is characterized by DU:
, [4]
where Dlq is the infiltrated water depth in the 25% of
the field that is the least irrigated (mm) and Dinf is the
mean infiltrated depth (mm).
Efficiency is characterized using two indexes: AE
and DPR. AE is calculated from the equation:
, [5]
where Dz is the infiltrated water depth contributing to
the target water depth (mm), and is computed as follows:
, [6]
where deep percolation (Ddp, mm) is defined as the vo-
lume of infiltration beyond Dreq2 divided by the area of
a furrow.
The DPR is defined as:
, [7]
When there is no run-off, the sum of AE and the
DPR should be 100%.
Statistical analysis
The proc GLM, general linear models procedure
from the SAS package v.9.2 (SAS Institute, Cary, NC,
USA) was used to statistically analyse the flow rate,
the irrigation dose, the irrigation performance indexes
and the infiltration parameters in the four monitored
furrows. To compare the different sets of means, Dun-
can’s multiple range test was conducted, with a signi-
ficance level of 0.05.
Infiltration equation and soil roughness
Infiltration was estimated using the Kostiakov equa-
tion (KE):
, [8]
where Z is the infiltration depth at time τ, and K and a
are empirical parameters.
K and a were fixed in two separate steps. Previous
estimates of the parameters K and a in KE were cal-
culated from advance data using the Elliot-Walker
analysis implemented in WinSRFR 3.1 code (USDA,
2009). On the basis of these previous results the para-
meter a was fixed at 0.1533 for each furrow and irriga-
tion event, while the coefficient K was readjusted for
each irrigation event using the characteristic infiltra-
tion depth and its corresponding duration (Bautista et
al., 2009a). KE was used instead of the extended Kos-
tiakov equation (EKE):
, [9]
where b is the constant infiltration rate when the infil-
tration time is large enough. KE was used because it
is appropriate when infiltration time is relatively short
(Philip, 1957), as it was the case here, and does not re-
quire that an extra empirical parameter be added to the
equation. In fact, different trials were conducted using
EKE and in each case the values of the extra parameter
b were close to 0.
Different values of soil roughness were tested in the
simulations carried out with WinSRFR 3.1 code to deter-
mine which one gave more realistic advance and recession
times and flow depth readings (Bautista et al., 2009a).
On that basis, a roughness value of 0.04 has been taken
into account in all the results presented in this work.
Making predictions using a code like WinSRFR 3.1
is risky because the results are based on empirical
infiltration functions, such as KE, which are dependent
on particular soil conditions, such as initial water con-
tent, and extrapolation to different conditions could
Z = K τ a +b τ
Z = K τ a
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give unrealistic results. Bakker et al. (2006) used the
arithmetic means of the infiltration parameters to avoid
results that were dependent on particular conditions.
In the present study, the particular infiltration values
for each furrow were considered in the simulations.
Nevertheless, when the arithmetic means of the flow
rate and parameter K (corresponding to the four measu-
red furrows) were used to simulate each irrigation
event, the irrigation performance indexes barely chan-
ged, demonstrating that the results depended very little
on the particular conditions of each furrow during an
irrigation event. It must be pointed out that soil condi-
tions and flow rates were very close in all the different
furrows so the infiltration parameters were expected
to be similar.
Identifying scenarios to assess the influence
of field length, flow rate and cut-off criteria
on irrigation performance
Different scenarios were considered to extend the
experimental results to other common field situations
in the same irrigation district. The effects of furrow
length, flow rate and CR were studied (Table 1).
Estimate of the infiltrated water depth 
from measurements of soil water content
The infiltrated water depth (IWD) produced by each
irrigation event at 1 m from the extremity of the furrow
(where the soil water sensors consistently registered
the change of the soil water content due to the irriga-
tion events), at 0, 20, 40 and 60 cm depth at the ridge
and 40, 60, 80 and 100 cm depth at the furrow base,
was estimated as:
, [10]
where θmax is the maximum soil water content measured
between 24 and 48 h after the irrigation event at 1 m
from the extremity of the furrow (m3 m–3), θi was the
soil water content measured before the irrigation event
at 1 m from the extremity of the furrow (m3 m–3) and
h the soil depth associated with a sensor (mm). The h
value was 200 mm for all the measurements except for
those at 40 cm depth in the centre of the furrow, where
it was assumed to be 400 mm, as there were no shallower
soil water content measurements (Fig. 1).
The IWD could be underestimated because the
determination of θmax did not consider evapotranspi-
ration, which could have been important in the 24-48
hours following an irrigation event, especially at the
position of the furrow ridge where the root extraction
was presumably high.
Gross water productivity
The trunk circumference was measured at 1 m above
the ground level in 20 selected trees located at different
positions in the field. As the price of ornamental trees
is a function of the trunk circumference, the gross
water productivity (GWP) of Prunus cerasifera ‘Nigra’
was calculated from:
, [11]
where GWP is expressed in monetary units (€m–3), Pn
the price of the tree as a function of the trunk circum-
ference in the year n (€ tree–1), Po the price of the tree
as a function of the trunk circumference corresponding
to the year of planting (€ tree–1), D the number of trees
per hectare, n the number of years since planting, and
I the irrigation dose per year (m3 ha–1). The mean value
for the years 2006 and 2007 was used to compute GWP.
The trunk circumference in February 2003 was bet-
ween 8 and 10 cm and the price (Po) was € 36.40 tree–1.
In January 2007 half of the trees had a trunk circum-
ference of between 10 and 12 cm while the circumfe-
rences of the other half were between 12 and 14 cm,
with a price of € 56.80 and 81.50 tree–1 respectively
(Vivers Planas, 2008). The mean price (Pn) was there-
fore taken as € 69.20 tree–1.
GWP =
P
n
− P
0( )D
I n
IWD = (θ
max
−θ
i
) h
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Table 1. Irrigation variables considered in the current 
situation and in the different irrigation scenarios
Furrow
Flow rate
Cut-off
Scenario length
(L s–1)
ratio
(m) (CR)
Current (IRR7-2007, 100 1.65 1.00
Furrow 2)
Scenario 1 50 1.65 1.00
Scenario 2 200 1.65 1.00
Scenario 3 100 0.83 1.00
Scenario 4 100 3.30 1.00
Scenario 5 100 1.65 0.95
Scenario 6 200 3.30 0.86
Scenario 7 100 3.30 0.90
In scenarios 5, 6 and 7 CR was selected in order to maximize
the distribution uniformity (DU).
GWP for other agricultural products was calculated
to compare it with the GWP for ornamental trees. For
other agricultural products the GWP was calculated as:
, [12]
with Y being the yield obtained with irrigation (kg
ha–1), Y0 the yield obtained without irrigation (in the
climate context this value was considered to be equal
to zero) , and Pp the selling price of the product (€
kg–1) in the region from January to October 2008
(DAR, 2008).
Results
Required water dose, applied water dose,
flow rate and the Kostiakov coefficient
during the different irrigation events
The required water dose based on both methods, i.e.
soil moisture (Dreq1), evapotranspiration (Dreq2) yielded
very similar average values than the applied water dose
(Dapp): 58 mm, 59 mm and 55 mm respectively (Table 2).
Nevertheless, in some irrigation events important
differences were found between the values of Dreq1, Dreq2
and Dapp (Table 2).
The trees appeared very healthy over the entire field,
so it can be assumed they received all the water they
needed and can infer that the required doses Dreq1 and
Dreq2 calculated from Equations 2 and 3 slightly over-
estimated their water needs.
The Q, based on all the irrigation events, was 1.17 L
s–1, but there were significant differences between the
different irrigation events (Table 2). The Dapp tended
to increase in those events where the flow rate was
higher. It is noteworthy that the lowest applied doses
were given in the final irrigation events (IRR8-2006,
IRR9-2006 and IRR7-2007) of each season, when the
soil was not previously tilled, and cumulative infiltra-
tion was reduced, as shown in Figure 2. On the other
hand, the coeff icient K of the Kostiakov equation
(Table 2) was smaller in irrigation events carried out
without any previous soil tillage. As the soil infiltration
rate decreased when the soil was not tilled, the water
advanced faster along the furrow surface and the
farmer’s response was to reduce the flow rate.
The Q and the water dose applied did not differ sig-
nificantly (with p-values of 0.916 and 0.534 respec-
tively) between the different furrows of the field (Table 3).
Irrigation performance indexes for each
irrigation event
The DU for each independent irrigation event (Ta-
ble 4) was higher than 80%, with an average value 
of 87.9% and a standard deviation of ± 2.7%. On the
GWP =
Y −Y
0( ) Pp
I
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Table 2. Applied water dose (Dapp), required water dose based on soil moisture (Dreq1), required water dose based on evapo-
transpiration (Dreq2), flow rate, and Kostiakov coefficient (K) for each irrigation event
Irrigation event Date
Dapp Dreq1 Dreq2 Flow rate K
(mm) (mm) (mm) (L s–1) (mm h–0.1533)
IRR6-2006 12th July 57.9c 62.1 67.3 1.18cde 49.8c
IRR7-2006 28th July 83.0a 66.0 83.7 1.13dfge 69.2a
IRR8-20061 9th August 42.8d 61.1 44.0 0.81g 37.5ed
IRR9-20061 6th September 36.5de 49.5 37.2 0.96fg 33.7ef
IRR1-2007 7th June 43.7c 62.6 —2 1.24cd 40.8d
IRR2-2007 20th June 58.4c 61.4 64.5 1.00fge 50.4c
IRR3-2007 4th July 55.5c 60.6 56.9 1.29c 50.2c
IRR4-2007 23th July 69.3b 61.7 86.1 1.91a 64.4ba
IRR5-2007 6th August 63.2bc 58.5 51.0 1.63b 58.2b
IRR6-2007 10th September 59.6c 46.8 45.7 0.92g 50.6c
IRR7-20071 27th September 33.1e 45.4 42.7 0.78g 30.1f
Mean — 54.8 57.8 57.9 1.17 48.6
Std. Dev. — 14.9 7.1 17.1 0.34 12.3
For each column, mean values for each irrigation event with the same letter are not significantly different (p < 0.05). 1 The soil
was not tilled before irrigation. 2 It has not been possible to calculate Dreq2 for the first irrigation event because, according its de-
finition, it needs to be computed taking into account the accumulated potential evapotranspiration from the previous irrigation
event of the same irrigation season.
other hand, AE (Table 4) showed a mean value of
93.4% ± 7.1%.
Excluding the two irrigation events IRR5-2007 and
IRR6-2007, in which the Dapp was notably higher than
the Dreq2, the losses due to deep percolation were mi-
nimal. The average value of DPR was 6.6% ± 7.1%.
These water losses were concentrated at the end of the
furrow, where water accumulated above the soil surface
after each irrigation event.
As an example, the infiltration diagram in one of the
furrows for the third irrigation event in 2007 (IRR3-2007,
Fig. 3-current situation) shows that in this event most of
the water losses due to percolation were concentrated in
the last 15 m of the furrow. The shapes of the infiltration
diagrams for the other irrigation events were very similar.
Distribution of irrigation water in the soil
During the 2007 irrigation season, the evolution of
the soil water content in the middle of the furrow (33 m
from the furrow inlet) showed little variation beneath
40 cm of soil (Fig. 4, above). This behaviour was common
at positions 1, 33 and 66 m along the furrow, which
would indicate that water losses due to deep perco-
lation were not important in most of the field. Special
mention should be made at 1 m from the extremity of
the furrow location, where increases in soil water con-
tent were achieved to a depth of 80 cm (Fig. 4, below).
As revealed earlier, at the end of the furrow water
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Figure 2. Infiltration curves for each irrigation event.
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Table 3. Mean values of the flow rate and applied water 
dose (Dapp) per irrigation event on the irrigation campaigns
of 2006 and 2007 
Furrow
Flow rate Dapp
(L  s–1) (mm)
1 1.16 52.8
2 1.20 55.1
3 1.17 56.0
4 1.15 55.2
Mean values are not significantly different (p > 0.05).
Table 4. Distribution uniformity of the low quarter (DU), application efficiency (AE), and 
deep percolation ratio (DPR) in the evaluated irrigation events
Irrigation event Date
DU AE DPR
(%) (%) (%)
IRR6-2006 12th July 85.1bc 96.7a 3.3c
IRR7-2006 28th July 81.7c 95.0a 5.0c
IRR8-20061 9th August 90.0ba 92.4ba 7.7cb
IRR9-20061 6th September 89.2ba 97.2a 2.8c
IRR1-2007 7th June 90.4a — —
IRR2-2007 20th June 88.7ba 97.9a 2.1c
IRR3-2007 4th July 85.6bac 95.3a 4.7c
IRR4-2007 23th July 90.3a 98.5a 1.5c
IRR5-2007 6th August 89.0ba 86.0b 14.0b
IRR6-2007 10th September 88.7ba 76.4c 23.6a
IRR7-20071 27th September 88.3ba 98.6a 1.4c
Mean — 87.9 93.4 6.6
Std. Dev. — 2.7 7.1 7.1
For each column, mean values for irrigation events with the same letter are not significantly diffe-
rent (p < 0.05). 1 The soil was not tilled before the irrigation.
accumulated for several hours after each irrigation
event, and infiltrated deeper than in other positions.
Simulations with WinSRFR 3.1 also showed a greater
IWD than in the other positions, as can be seen in Fi-
gure 3-current situation.
Aside from the end of the furrow (at 1 m from the
extremity of the furrow), the soil water content at a
depth of 40 cm showed differences between the ridge
and the base of the furrow, as can be seen in Figure 5-
above. While the soil water content at the ridge was
practically unaltered, increases were clearly observed
at the base of the furrow during irrigation events and
rainy periods. This would confirm that the distribution
of water in the soil was two-dimensional in the plane
defined by the furrow. Nevertheless, at 1 m from the
extremity of the furrow, where the accumulated water
depth on the surface of the soil was higher, the water
content at the furrow base and ridge was very similar,
as Figure 5-below shows. Therefore, it would be expec-
ted that the infiltrated water across the furrow width
(1.60 m) was also similar and, consequently, the infil-
tration of water at 1 m from the extremity of the furrow
could be considered one-dimensional.
Soil water sensors are often used in irrigation mana-
gement, but in this case the sensors installed in the
ridge at 1, 33 and 66 m along the furrow showed little
sensitivity to most of the irrigation events and did not
reflect what was happening at the furrow base. That is
because the soil was not wetted in the ridge where the
soil water sensors were located. On the other hand, the
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Figure 3. Inf iltrated water depth versus the required water 
dose (Dreq) for the current situation (IRR3-2007-furrow 2), 
scenario 2 and scenario 4.
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Figure 4. Evolution of soil water content in the middle of the furrow at different soil depths, at 33 m from the furrow inlet (above)
and at 1 m from the extremity of the furrow (below).
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sensors located at 1, 33 and 66 m along the furrow base
were installed too deep — the shallowest sensor was
at 40 cm— so they did not detect some of the irrigation
events, as can be seen for instance in the first irrigation
event of 2007 (Fig. 4, above). Only the soil water pro-
bes located at 1 m from the extremity of the furrow
registered a change of soil water content consistent
with the irrigation dose applied. The soil water probes
should be installed closer than 40 cm to the surface to
reflect the water dose infiltrated at the furrow base, but
this was not possible here because, as explained in the
materials and methods section, the soil was tilled using
a stubble cultivator before most of the irrigation events.
Figure 6 presents measurements in the ridge to show
how the IWD was distributed at the extremity of the
furrow, where the water could inf iltrate deeper and
there was thus a higher risk of water loss due to deep
percolation. From the soil water content measurements
taken in the ridge at the end of all the irrigation events,
following the procedure described to calculate the IWD
in the materials and methods section, and considering
all the irrigation events, it was possible to calculate
that 88.6% of the infiltrated water was stored in the
shallowest 20 cm, and 99.0% in the shallowest 40 cm
of the soil. When the soil water content measurements
at the middle of the furrow were considered, around
90% of all the inf iltrated water was stored in the
shallowest 40 cm of the soil.
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Figure 5. Evolution of soil water content in the middle of the furrow at 40 cm depth, at 1 m from the furrow inlet (above) and at 1
m of the extremity of the furrow (below).
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Figure 6. Distribution of infiltrated water at different depths,
computed from the soil water contents measured in the ridge
using FDR equipment located at 1 m from the extremity of the
furrow.
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Analysing scenarios: the influence of field
length, flow rate and cut-off criteria 
on irrigation performance
The results of the simulation for each scenario are
shown in Table 5.
The reduction in f ield length from 100 to 50 m
(scenario 1) did not improve the DU but did increase
the AE due to a slight reduction in the Dapp.
When the field length was 200 m (scenario 2), the
DU and the AE were smaller than the current values
and the water loss due to deep percolation was higher.
The irrigation time per irrigation event increased by
11% (from 108 h ha–1 in the current situation to 120 h
ha–1 in scenario 2) and the Dapp also increased by 11%.
As it can be seen in Figure 3-scenario 2, water infil-
trated to a greater depth near the inflow than at the end
of the furrow. In this situation irrigation performance
could be improved by increasing the flow rate and
cutting off the irrigation before the advancing water
front reaches the end of the furrow, as will be examined
in scenario 6.
On the other hand, increasing the number of furrows
irrigated at the same time would reduce the flow rate
in every furrow, but it could potentially reduce the irri-
gation time in the whole field because more surface
area can be irrigated at the same time. Using lower flow
rates could also mean not having to manage the tco,
which could vary from one furrow to another due to
advance variability. In scenario 3, in order to evaluate
the effect of the flow rate reduction on the irrigation
performance, the flow rate was half that of the current
situation and the diminution of DU was considerable
(from 90.3% to 72.1%). The irrigation time per irriga-
tion event and furrow was approximately double that
of the current situation and the Dapp increased by 7%.
Of the total applied water, 13.2% was lost due to deep
percolation. Taking into account the reduction in the
irrigation performance indexes, increasing the number
of furrows at the expense of reducing the flow rate
would not be a good alternative.
In scenario 4, when the flow rate was 3.30 L s–1, twice
that of the current situation, most of the water losses
due to deep percolation took place at the end of the
furrow (Fig. 3-scenario 4). In comparison with the
current situation, the DU was reduced by up to 84.1%
(Table 5) even though the AE barely changed. In this
case, applying a CR below 1 could improve irrigation
performance, as will be shown in scenario 7.
When the CR was 0.95 (scenario 5), the DU and the
AE improved slightly in comparison with the current
situation.
When the CR was 0.86 (scenario 6), the improve-
ment in the DU and the AE was noticeable in compa-
rison with scenario 2.
In scenario 7 the same variables as those used in
scenario 4 were considered (100 m, 3.3 L s–1), but the
CR was 0.90. As a result the DU and the AE increased
considerably and the DPR was reduced.
Scenarios 5, 6 and 7 showed that when the CR was
below 1 the irrigation performance indexes improved.
In these three scenarios, the CRs that maximized the
DU ranged from 0.86 to 0.95. However, only in sce-
nario 6, where the field length was 200 m, the impro-
vements in the DU and the AE were relevant.
The current situation can be considered the standard
practice of farmers in most of the irrigation events in
the experimental field. Beforehand it was not known
whether advancing the tco would improve the irrigation
performance. The results of scenario 5 showed that
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Table 5. Distribution uniformity of the low quarter (DU), application efficiency (AE), and 
deep percolation ratio (DPR) for the current conditions (IRR3-07-Furrow 2) and simulated for
the different scenarios
Scenario
DU AE DPR Irrigation Dapp
(%) (%) (%) time (h) (mm)
Current 90.3 90.3 9.7 1.73 64.2
Scenario 1 89.7 94.8 5.2 0.78 57.9
Scenario 2 84.5 81.7 18.3 3.85 71.5
Scenario 3 72.1 86.8 13.2 3.59 67.0
Scenario 4 84.1 88.9 11.1 0.85 63.1
Scenario 5 92.6 93.4 6.6 1.63 60.5
Scenario 6 89.8 94.9 5.1 1.58 58.7
Scenario 7 92.2 96.5 3.5 0.76 56.4
when the CR was 0.95, the DU and the AE improved
in comparison with the current situation. Other CR
values, slightly higher and lower than 0.95, were
simulated (results not shown in this paper), but none
of them achieved greater irrigation performance indexes
than scenario 5. Therefore the optimal solution for the
experimental field can be achieved with the irrigation
variables of scenario 5 (i.e., when CR was 0.95).
Scenarios 1, 2 and 6 extended the results to different
field lengths. In view of the simulation results of those
scenarios, it can be assumed that the irrigation perfor-
mance will not be reduced for furrow lengths up to
200 m, on the condition that the flow rate is increased
up to 3.30 L s–1 and the CR is around 0.85. On the other
hand, a reduction of the furrow length from 100 m to
50 m would not substantially improve the irrigation
performance over the current situation.
Water use and gross water productivity:
comparison with other crops
In 2006, an amount of 4,946 m3 ha–1 of water was
applied in nine irrigation events, while in 2007 a volu-
me of 3,827 m3 ha–1 was applied in seven events.
Water costs (taking into account labour, land prepa-
ration, irrigation equipment and irrigation district costs)
resulted in € 0.352 m–3 in 2007. The total irrigation
costs per ha would be € 1349 year–1, divided in: labour
(€ 712 ha–1 year–1), land preparation (€ 440 ha–1
year–1), irrigation equipment (€ 60 ha–1 year–1) and
irrigation district costs (€ 137 ha–1 year–1).
Discussion
An examination of the 2006 and 2007 irrigation
campaigns in an ornamental plant field irrigated with
blocked-end furrows showed a very high DU and AE,
with mean values of 87.9% and 93.4% respectively,
and with little variation during the course of the seasons.
Similar values of DU were observed by Lecina et al.
(2005) when evaluating furrow-irrigated fields in Zara-
goza, Spain (85.7% ± 2.2%) and by Hanson et al. (1995)
in California (81.0% ± 11.3%). Smaller uniformity
values (68.0% ± 13.1%) were found by Rovira (2005)
when evaluating uniformity in commercial furrow-
irrigated maize fields in Girona (Spain). The AE found
in this study can be considered very high in furrow
irrigation, as according to Clemmens and Dedrick
(1994) the typical efficiency range is between 60% and
80%. The shortness of the furrows, the high water-
holding capacity of the soil and the uniform soil
conditions throughout the field help explain the high
DU and AE achieved in the irrigation events.
The required application depth calculated from soil
water content readings (Dreq1) and evapotranspiration
(Dreq2) gave similar results. The irrigation dose applied
by farmers who use simple soil appearance methods
to decide when to irrigate was slightly smaller than 
the required water dose estimated from both soil 
water content and evapotranspiration water balance
methods.
The analysis of different scenarios showed that high
performance indexes could be achieved even in furrows
as long as 200 m, with the condition that the inflow
rate was increased to 3.30 L s–1 and the CR was around
0.90. Cahoon et al. (1995) suggested that the optimum
CR value in blocked-end furrow irrigation for loam
soils with a moderate slope (0.005 m m–1) was 0.89,
which is in accordance with the values found here.
Mailhol and Merot (2008) found that CRs of 0.77 and
0.85 were the optimum for border lengths of 200 and
450 m respectively. However, an advance in the tco
would considerably reduce irrigation performance due
to incomplete irrigation at the end of the field. Playán
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Table 6. Annual gross water productivity for the production of the ornamental tree Prunus 
cerasifera ‘Nigra’ and alternative crops in the same region
Water Crop
Price
Gross water
Product volume yield
(€ kg–1)
productivity
(m3 ha–1) (Mg ha–1) (€ m–3)
Prunus cerasifera ‘Nigra’ 4,3861 — — 11.67
‘Golden’ apples 4,0562 502 0.454 5.55
Maize 4,6963 143 0.204 0.59
1 It was calculated as the mean value of 2006 and 2007. 2 Arbat (1995). 3 Rovira (2005). 4 Mean
wholesale prices in the same region in 2008 (DAR, 2008).
et al. (2000) pointed out that, when discharges are very
large, the AE becomes very sensitive to the tco.
The soil water content readings conf irmed that 
even at the end of the furrow, where the IWD was 
the highest, more than 90% of the inf iltrated water 
was retained in the shallowest 40 cm of the soil, mea-
ning that water losses due to deep percolation were
minimal.
According to the soil water content, the distribution
of water in the soil, aside from the end of the furrow,
was two-dimensional in the plane def ined by the
furrow, in accordance with the results of Arbat et al.
(2007), who used Richards’ equation to simulate soil
water distribution under the same field conditions.
The average irrigation water use in 2006 and 2007
for ornamental plant production was 4386 m3 ha–1
year–1, similar to the 4,696 m3 ha–1 used for maize (Rovira,
2005) or the 4,056 m3 ha–1 for apple orchards (Arbat,
1995) in the same region.
Allan (1999), Wichelns (2002) and Playán and
Mateos (2006) pointed out that improving water pro-
ductivity is one of the most effective ways to confront
water scarcity situations. This could be achieved by
switching agricultural water use to another sector, such
as services or industry, which would show higher eco-
nomic returns per unit of water. A less dramatic change,
from the environmental and social point of view, would
be to cultivate crops with a greater return per unit of
water. Obviously, ornamental tree production has a li-
mited demand and only a restricted area of the irrigated
land in the region can be devoted to this production.
De Juan et al. (2003) showed that economic water
productivity can vary by a factor of almost 20 between
different crops. The GWP for the ornamental tree 
P. cerasifera ‘Nigra’ was € 11.70 m–3, and for apple
trees and maize, alternative crops in the same region,
it was € 6.60 and 0.60 m–3 respectively (Table 6). As
can be seen, the GWP varies greatly between different
crops; ornamental crops can double the GWP obtained
from fruit trees and be almost 20 times higher than that
obtained from maize production.
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